Pax6-positive radial glial (RG) cells are the progenitors of most glutamatergic neurons in the cortex, a lineage that can be recapitulated in vitro using embryonic stem (ES) cells. We show here that ES cells lacking Pax6, a transcription factor long known to be essential for cortical development, generate Mash1-positive RG cells that differentiate in GABAergic neurons. These neurons express high levels of the neurotrophin receptor p75 NTR causing their rapid death. Pax6 function was also investigated following transplantation of ES cells in the developing chick telencephalon and in mice lacking both Pax6 and p75 NTR . Taken together, our results indicate that reliable predictions can be made with cultured ES cells when used to explore the role of genes impacting early aspects of mammalian neurogenesis. They also provide a novel opportunity to compare the molecular constituents of glutamatergic with those of GABA-ergic neurons and to explore the mechanisms of their generation.
INTRODUCTION
While ES cells have been used extensively to generate mice carrying specific mutations, they also have an interesting potential as a cellular model to study developmental processes under well-defined conditions (for review see Keller, 2005) . We recently described an ES cell-based culture system leading to the generation of neural progenitors identified as Pax6-positive radial glial (RG) cells . These ES cell-derived progenitors give rise to glutamatergic neurons, the progeny of Pax6-positive RG cells in the developing mouse cortex (Malatesta et al., 2003) .
In the mouse, Pax6 begins to be expressed during the eighth day of development in a restricted area giving rise to the cerebral cortex (Walther and Gruss, 1991) . This is before the generation of RG cells, the first defined progenitors that can be distinguished from other neuroepithelial cells (for review, see Gotz and Huttner, 2005) . In the absence of Pax6, the cerebral cortex is markedly smaller (Schmahl et al., 1993) , the number of neurons is reduced at midgestation (Heins et al., 2002) , and the cortex is ventralized (Stoykova et al., 2000; Toresson et al., 2000; Yun et al., 2001) . However, as cell lineage analyses cannot be readily performed in vivo, the early role of Pax6 is not well understood. We show here that neurogenic RG cells can be generated in the absence of Pax6, thus offering a novel opportunity to analyze the phenotype of their neuronal progeny under well-defined in vitro conditions. The absence of Pax6 causes a change of neurotransmitter phenotype in neurons that are rapidly eliminated as a result of misexpression of neurotrophin receptors. These in vitro studies are complemented with transplantation experiments of ES cells in the chick embryo, as well as with analyses of the Pax6 mutant cortex at early developmental stages.
RESULTS

Pax6
Mutant ES Cells Generate Mash1-Positive RG Cells Two distinct ES cell lines isolated from the blastocysts of homozygote Sey mutants (referred to thereafter as mutant ES cells) and wild-type (WT) mouse ES cells were cultured following a protocol involving treatment of ES cell aggregates with retinoic acid (RA) to trigger neural commitment . Similar to WT ES cells after RA treatment, mutant cells also uniformly expressed the neuroepithelial antigen nestin as well as RC2 and GLAST, an astrocyte-specific glutamate transporter, but not Pax6. Both WT and mutant aggregates were negative for Pax7, Isl1, and MNR2 that mark spinal cord progenitors (data not shown; Plachta et al., 2004 ) but both expressed Emx2 ( Figure 1A ) at similar levels ( Figure 1B ), a marker for cortical progenitors (Simeone et al., 1992) . Like previously reported for Pax6 , Emx2 was also downregulated during the course of neuronal differentiation ( Figure 1B ). Following dissociation of RA-treated aggregates, mutant cells generated spindle shaped cells characteristic of RG cells . However, they all had larger cell bodies than WT RG cells and one branched process ( Figure 1C ), a morphology reminiscent of RG cells in the ventral telencephalon. Mutant ES cells generated RC2-and GLAST-positive progenitors with equal efficiency compared with WT ES cells ( Figure 1D ) and most expressed the basic helix-loop-helix (bHLH) transcription factor Mash1 that marks subventricular zone progenitors of the ventral telencephalon (Porteus et al., 1994) , while Emx2 expression was maintained ( Figure 1D ). Significantly higher levels of Mash1 were detected in mutant than in WT progenitors ( Figure 1E ), and Mash1 was not detected in neurons ( Figure 1E ). RT-PCR analysis also revealed that Ngn2, a marker of dorsal telencephalic progenitors, and Figure 1 . Loss of Pax6 Impairs the Specification, Not the Generation, of RG Cells from ES Cells (A) RA-treated, WT, and mutant aggregates express the neuroepithelial marker Nestin, its modification recognized by RC2, the RG marker Glast, and the transcription factor emx2. Pax6 is not detected in mutant aggregates. (B) WT and mutant RA-treated aggregates express Emx2, as shown by western blot. Emx2 is no longer expressed in neurons (normalized for actin). (C) Dissociated aggregates generate spindle shape progenitors 2 hr after plating. Note the larger size and branched process of mutant progenitors (arrow). (D) Immunostaining of ES cell-derived progenitors for mash1, emx2, RC2, and Glast. Equal percentages of RC2+ and Glast+ progenitors are generated by WT and mutant ES cells. WT progenitors only express emx2, while mutant progenitors express mostly both emx2 and mash1. More mutant progenitors express mash1 (56.8% ± 4.0) compared to WT (9.1% ± 4.7) (*p < 0.05). (E) Western blot reveals that mutant progenitors express higher levels of Mash1 compared to WT. Mash1 is not expressed in neurons (normalized for actin). (F) RT-RCR for Ngn2 and Tbr1 reveals that expression of both genes is dramatically decreased in mutant progenitors and neurons respectively, compared to WT. Scale bars: (A), 100 mm; (C), 50 mm (top row), 25 mm (bottom row); (D), 100 mm (top two rows), 50 mm (bottom two rows).
Tbr1, a marker of dorsal telencephalic neurons, were present in the WT ES-derived progenitors and neurons, respectively ( Figure 1F ). By contrast, Ngn2 and Tbr1 were barely detectable in mutant progenitors and neurons, respectively ( Figure 1F ).
Loss of Pax6 Causes a Neurotransmitter Switch
While neurons derived from WT ES cells express the vesicular glutamate transporter (vGLUT1) as early as 4 days in vitro (Figure 2A ), neurons generated from mutant ES cells expressed instead typical markers of GABA-ergic neurons such as the vesicular transporter vGAT (Figures 2B and 2C) and glutamic acid decarboxylase (GAD) (Figures 2B and 2D) . These characteristics were already apparent at day 4 (data not shown) and by day 6, over 80% of the neurons could already be labeled with both markers (Figures 2C and 2D) . Subpopulations of GABAergic neurons can be identified on the basis of the expression of the calcium binding proteins (DeFelipe, 1997; Kubota and Kawaguchi, 1994) , and the majority of the mutant neurons were positive for calretinin (Figures 2B and 2E) , while calbindin-positive neurons were not observed (data not shown). A small number of glutamatergic WT neurons also expressed calretinin (Figures 2B and 2E) . Western blot analyses confirmed that, unlike WT neurons, mutant neurons express vGAT and higher levels of calretinin compared to WT cells ( Figure 2F ).
To determine whether the switch of neurotransmitter phenotype can be causally attributed to the lack of Pax6, we reintroduced it in mutant ES cells with a retrovirus encoding either Pax6-IRES-GFP or IRES-GFP alone (Hack et al., 2004) . Because only few cells are infected and noninfected cells die prematurely (see below), we co-cultured mutant with WT progenitors. While at day 6 most neurons derived from progenitors infected with GFP alone expressed vGAT ( Figure 2G ), the vast majority of the neurons derived from Pax6-infected progenitors did not (Figure 2G ), but expressed vGLUT1 instead ( Figure 2H ). 
Transplantation of ES Cells in the Chick Telencephalon
We next tested the differentiation potential of ES cells and of ES cell-derived neurogenic progenitors after transplantation in the chick telencephalon. At about E1.5 (12-somite), most of the cells were removed in the areas corresponding to either the prospective ventral or dorsal telencephalon (see Figure 3A) . Aggregates of RA-untreated (''naive'') ES cells or of progenitors (RA-treated WT or mutant ES cells) were then used to fill up these areas and their progeny was analyzed 8 days later. To facilitate the visualization of ES cell-derived neurons, WT and mutant ES cell lines were used with a reporter GFP cDNA inserted in the tau locus . In agreement with the in vivo and in vitro lineage of Pax6-positive RG cells, almost all WT progenitors transplanted in the prospective dorsal telencephalon differentiated into glutamatergic neurons, as assessed by the expression of the vesicular glutamate transporter (vGLUT1) (73.9% ± 3.12), with only a small fraction expressing the vesicular GABA transporter (vGAT) (2.1% ± 0.92) ( Figure 3B ). To test whether the environment can override the intrinsic commitment of the Pax6-positive progenitors to a glutamatergic fate, we also transplanted WT RA-treated ES cells in the prospective ventral telencephalon of the developing chick, a region where GABAergic neurons are normally generated. While these cells successfully differentiated into neurons that populated the ventral telencephalon, the majority of these neurons expressed vGLUT1, and only a few expressed vGAT (vGLUT1 56.4% ± 4.94; vGAT 5.4% ± 2.81) ( Figure 3C ). In addition, with the exception of a few cells, they failed to follow a tangential migratory route, as ventrally generated neurons do, and to populate the cortex. The control experiment with RA-untreated, naïve, and pluripotent ES cell revealed that mouse ES cells are able to respond to the environmental cues of the ventral telencephalon. They differentiated mostly into GABA-ergic neurons (vGAT 66.9% ± 3.71; vGLUT1 10.1% ± 2.44), and most of them successfully migrated tangentially into the cortex ( Figure 3D ).
Mutant RA-treated ES cells transplanted in the prospective ventral telencephalon were also able to integrate into the host environment and to differentiate into neurons. However, by contrast with WT RA-treated ES cells, almost all of these neurons expressed vGAT (vGAT 92.7% ± 1.27; vGLUT1 1.0% ± 0.82). In addition, the cells followed a tangential migratory route and populated the cortex (Figure 3E ). Mutant RA-treated ES cells transplanted in the prospective dorsal telencephalon exhibited a clustering behavior, reminiscent of Pax6 mutant cells in the WT cortex of mice (Talamillo et al., 2003) , and integrated much less successfully in the cortex ( Figure 3F ). Many cells expressed very low levels of GFP and exhibited apoptotic features, such as a pyknotic nuclear morphology (data not shown), and virtually all survivors differentiated into vGATpositive neurons (vGAT 93.0% ± 2.6; vGLUT1 0%).
Neurotrophin Receptor Expression and Death of Neurons Derived from Mutant ES Cells
ES cell-derived mutant neurons failed to develop normal processes as revealed with b-III tubulin antibodies (Figure 4A) . They remain thinner, less branched, and shorter than those of WT neurons ( Figure 4A ), and by day 8, the cell bodies exhibited features of apoptotic death ( Figure 4A ), including a pyknotic nuclear morphology ( Figure 4A , insert). With regard to cell death, no significant differences between WT and mutant cultures were observed before , as shown by western blot. (D) Neurons derived from mutant ES cells infected with a retroviral vector expressing either GFP alone or Pax6-IRES-GFP were costained for Tuj1 and GFP. Infected neurons were cocultured with WT ES cell-derived neurons. While mutant neurons expressing GFP alone fail to survive longer than 8 days, mutant neurons expressing Pax6 survive for at least 13 days and develop a complex morphology with branching and filopodia (arrow). (E) The survival of mutant neurons infected with Pax6-IRES-GFP or GFP alone was quantified after 8 days in vitro (*p < 0.01). Scale bars, 50 mm in all panels. day 6 ( Figure 4B ). However, at day 7 a significant fraction of mutant neurons became apoptotic, and they were all dead by day 8 ( Figure 4B ). These results were obtained with two independent clones of Pax6 mutant ES cells.
As the neurotrophin receptor p75 NTR has recently been shown to cause the death of processes and of cell bodies when overexpressed in ES cell-derived neurons (Plachta et al., 2007) , we examined its levels in both WT and mutant progenitors ( Figure 4C ). While p75 NTR was rapidly downregulated in WT neurons during differentiation of the progenitors (see Bibel et al., 2004) , it remained expressed at high levels in mutant neurons ( Figure 4C ). By contrast, Trk receptors, that are activated by neurotrophins to allow the survival of developing neurons in the peripheral nervous system (Huang and Reichardt, 2003) , failed to be expressed at detectable levels ( Figure 4C ).
To test if the death of the mutant neurons is a direct consequence of the lack of Pax6, we reintroduced it in mutant ES cells (see above). As only between 10 to 30 cells per 5 3 10 5 cells were infected, we again cocultured the neurons derived from infected RG cells with WT neurons to overcome potential problems resulting form low density cultures. Mutant RG cells infected with GFP alone generated neurons ( Figure 4D ) with short, unbranched processes, a morphology characteristic of mutant neurons (see above). After 8 days in vitro, these neurons lost their processes and the vast majority of them died (survival rate 1.5% ± 0.69) ( Figures 4D and 4E ). By contrast, mutant RG cells infected with Pax6 generated neurons with longer processes, similar to that of wild-type cells ( Figure 4D ). In addition, these cells survived (survival rate 75.4% ± 4.9 at day 8) ( Figure 4E ) and could be maintained in vitro as long as WT neurons. With time, they developed into mature neurons with long processes and very extensive branching patterns ( Figure 4D ).
Neurotrophin Receptor Expression and Cell Death in the Pax6 Mutant Cortex
In view of these results, we examined the cortex of Pax6 mutant (Sey/Sey) animals for the expression patterns of p75 NTR and TrkB as well as for evidence of cell death. In the WT cortex, p75 NTR expression was restricted to the subplate neurons (arrows) as previously reported (Allendoerfer et al., 1990) ( Figure 5A ). By contrast, p75 NTR was ectopically expressed in the mutant cortex at E12, particularly in the marginal zone and upper cortical layer (Figure 5A) . The ectopic expression of p75 NTR in the mutant cortex did not persist until later developmental stages, and already by E14, its expression pattern was similar to that of the WT cortex ( Figure 5A ). TrkB was present in the WT cortex at E12, and its expression levels increased by E14 ( Figure 5A ). Although neurofilament staining indicated the presence of neurons in the mutant cortex, almost no TrkB expression was detected, both at E12 and at E14 ( Figure 5A ). This defect was restricted to the cortex, and ventral structures, where Pax6 is not expressed (Stoykova and Gruss, 1994) , exhibited normal TrkB expression ( Figure 5A , yellow arrow). In addition, the mutant cortex contained significantly more apoptotic cells at E12 compared to WT, as assessed by TUNEL ( Figure 5B ) and active-caspase 3 staining ( Figure 5B ). The distribution of apoptotic profiles corresponded to cells ectopically expressing p75 NTR , predominantly in the cortical plate and marginal zone (mutant 78.7% ± 7.4; WT 29.9% ± 5.8, Figure 5C) . Notably, increased cell death in the mutant cortex was less pronounced at later developmental stages (E14, see Figure 5B ), and both the ectopic expression of p75 NTR and increased apoptosis were restricted to the cortex and were not observed in the ventral telencephalon (Stoykova and Gruss, 1994 ; Figure 5D ). In addition, ectopic expression of p75 NTR and of active caspase 3 were also detected in the olfactory bulb-like structure (OBLS) (indicated by arrows in Figure 5D ), a structure formed near the lateral pallium of the Sey cortex (Jimenez et al., 2002; Stoykova et al., 2003) .
Immunostaining of E12 WT and mutant brain sections for vGAT, GAD, and Calretinin revealed that the mutant cortex contained about 3-fold more neurons expressing these markers compared to WT littermates that, as expected, contained only few GABAergic neurons at this stage (Figures 6A and 6B ). These GABAergic neurons were primarily localized in the cortical plate of the Sey cortex. Only very few cells expressed Calbindin in the mutant cortex, as observed in the WT cortex (data not shown). The majority of these GABAergic neurons in the mutant cortex showed signs of apoptosis, as many vGAT-positive cells expressed high levels of p75 NTR , colocalized with active caspase 3, and exhibited nuclear pyknosis ( Figure 6C ). As p75 NTR expression could also be detected close to the ventricular zone in the Pax6 mutant cortex (for example see arrow in , while the majority of p75 NTRpositive cells near the ventricular zone expressed doublecortin (data not shown). Taken together, these results indicate that, while cortical RG cells remain largely unaffected in the mutant, GABAergic neurons upregulate p75 NTR soon after their birth and undergo apoptosis.
Staining for the nuclei and for doublecortin indicated that the number of newborn neurons was significantly increased at E12 in the mutant cortex ( Figure 6E ) and that many doublecortin-positive cells were located in the vicinity of the ventricular zone, as indicated by the arrows (Figure 6D ). At midgestation (E14), the number of doublecortin-positive cells in the mutant cortex was decreased compared to WT by about 40%. This finding is in line with the increased number of GABAergic cells in the early mutant cortex and with recent findings indicating that the loss of Pax6 prevents the reentry of cortical progenitors into S-phase, thus resulting in a greater proportion of differentiating neurons at E12.5 (Quinn et al., 2007) .
Downregulation of p75 NTR Decreases Neuronal Death In Vitro and In Vivo
To test if the death of GABAergic neurons is due to the overexpression of p75 NTR , mutant ES cells were electroporated with three different shRNA constructs directed against mouse p75 NTR mRNA and with a scrambled sequence with no match in the mouse genome. Stable clones were selected using neomycin and analyzed for p75 NTR downregulation by western blot analysis ( Figure 7A ). While mutant neurons expressing the scrambled sequence died prematurely (data not shown), mutant neurons expressing shRNA against p75 NTR survived for at least 30 days ( Figure 7B ). In addition, they uniformly expressed vGAT ( Figure 7C ), indicating that downregulation of p75 NTR did not have any effect on the identity of the mutant neurons. Moreover, mutant neurons expressing sh-p75 NTR seem to form synaptic contacts, as indicated by the distribution of synaptophysin immunoreactivity ( Figure 7C ). We also noted that those mutant neurons that managed to survive in the chick telencephalon downregulated the levels of p75 expression (see Figure S1 in the Supplemental Data available with this article online Figure 7E ). While most GAD-positive neurons were localized in the cortical plate and marginal zone of the double mutant, far fewer were observed in the WT cortex, most of which were localized in the subventricular zone ( Figure 7E , arrows) and only few in the marginal zone ( Figure 7E , arrowheads).
DISCUSSION
Our findings indicate that ES cells lacking Pax6 give rise to misspecified progenitors that become GABAergic instead of glutamatergic neurons. This switch of neurotransmitter phenotype is accompanied by a deregulation of neurotrophin receptor expression responsible for the early death of these neurons, both in vitro and in the developing cortex of mice lacking Pax6.
ES Cells as a Tool to Study Early CNS Development
The discovery that uniform populations of Pax6-positive RG cells can be generated from mouse ES cells makes it now possible to study early developmental events that have been previously very difficult to access in the mammalian CNS. As ES cell-derived progenitors become glutamatergic neurons in vitro when cultured under minimal conditions, we interpret these previous results to mean that Pax6-positive progenitors are intrinsically committed to become glutamatergic neurons, and that under permissive conditions in vitro, they follow the differentiation pathway adopted by their in vivo counterparts (Malatesta et al., 2003) . In the present study, we tested if ES cell-derived progenitors are also committed to become glutamatergic neurons after implantation in the developing chick telencephalon. Following implantation in the prospective dorsal telencephalon, we found large numbers of vGLUT1-positive neurons in the developing cortical plate of the chick ( Figure 3B ). The commitment of these cells to become glutamatergic neurons was revealed by their implantation in the prospective ventral telencephalon, as most cells failed to become GABA-ergic neurons as they normally should in this location or else after migration in the dorsal telencephalon. They instead adopted a glutamatergic phenotype and failed to migrate to the cortex ( Figure 3C ). The critical control experiment with RA-untreated, naive ES cells also implanted in the prospective ventral telencephalon revealed large numbers of mouse cells in the chick cortex that were positive for the vGAT ( Figure 3D ). These results are in line with the view that most cortical GABA-ergic neurons originate from the ventral telencephalon (Cobos et al., 2001 ) and indicate that pluripotent mouse ES cells can be instructed by the host cues to become GABA-ergic neurons and to adopt a migratory phenotype.
The results obtained following transplantation of WT progenitors prompted us to examine the behavior of mutant progenitors. We found that when transplanted in the ventral telencephalon, they uniformly generated GABAergic neurons that successfully migrated in large numbers and colonized the chick cortex ( Figure 3E ). These findings indicate that the neurogenic potential of Pax6 mutant progenitors is not compromised, and that they can generate GABA-ergic neurons that survive and adopt a migratory behavior similar to that of the endogenous interneurons. However, implanting the progenitors derived from Pax6 mutant ES cells in the prospective dorsal chick telencephalon led to the generation of only small numbers of neurons that were GABA-ergic but failed to integrate, aggregated, and died (see Figure 3F ). While these results confirmed the view that progenitors derived from Pax6 mutant ES cells are committed to become GABAergic neurons, they also raise the question of why the survival of neurons derived from mutant progenitors differs depending on where they are implanted in the chick embryo. All we know at this point is that, unlike in vitro, some ES cell-derived progenitors do survive after transplantation and that this is accompanied by a downregulation of p75 NTR expression ( Figure S1 ).
Mechanisms of Misspecification
While the progenitors generated from ES cells lacking Pax6 were found to express the transcription factor Emx2, they expressed the bHLH factor Mash1 that characterizes ventral telencephalic progenitors and lacked expression of neurogenin2 that characterizes cortical (Fode et al., 2000) and WT ES derived progenitors. This result fits . Arrow indicates GAD-positive neurons in the subventricular zone and arrowheads in the marginal zone. Scale bars: (B), 100 mm; (C), 50 mm; and (D) and (E), 100 mm.
well with previous observations on the cortex of the Pax6 mutants showing that the Mash1-positive domain extends to the dorsal pallium (Stoykova et al., 2000; Toresson et al., 2000; Yun et al., 2001) , while neurogenin2 expression is drastically reduced (Scardigli et al., 2003) . Reintroduction of Pax6 in mutant ES cells with a retrovirus indicated that Pax6 cell autonomously prevents the expression of ventral genes in the progenitors, thereby specifying a glutamatergic lineage and suppressing a GABA-ergic phenotype. In addition to the ventralization of the pallium, it has long been recognized that the cortex of mammals lacking Pax6 is grossly abnormal (Schmahl et al., 1993) , including in particular the loss of almost half the number of neurons (Heins et al., 2002) . Though we expected Pax6 to be required for the generation of RG cells and neurons (Heins et al., 2002) , we found that mutant ES cells generate neurogenic RG cells as efficiently as WT ES cells. These experiments thus indicate that Pax6 cell autonomously specifies the ES cell-derived RG cells to generate glutamatergic neurons and that, in its absence, Mash-1 is upregulated, and that their progeny has the characteristics of GABAergic neurons.
Mechanisms of Neuronal Elimination
In light of the premature death of the mutant ES cellderived neurons, we reexamined the question of neuronal death in the Pax6 mutant (Sey/Sey) cortex as none of the previous studies (Quinn et al., 2007; Warren et al., 1999) retained cell death as an explanation for the neuronal losses in the Pax6 mutant cortex. At E12, i.e., earlier stages than in most previous studies, we readily found cohorts of apoptotic GABA-ergic neurons. In cultures, the GABAergic neurons generated by mutant progenitors massively upregulate the neurotrophin receptor p75 NTR , well known to cause cell death, and fail to express significant levels of TrkB, the ''trophic'' receptor progressively upregulated in WT progenitors during the course of their neuronal differentiation . In line with the possibility of imbalance between the levels of expression of p75 NTR and
TrkB in mutant cells, we found that three different mutant lines expressing shRNA targeting p75 NTR survived like WT cells. These results further showed that the loss of TrkB is not per se the cause of the death of these neurons, as suppression of p75 NTR was sufficient to significantly decrease neuronal death both in vitro and in vivo in line with previous observations indicating that TrkB null mutants do not exhibit significant levels of cell death in the developing cortex (Silos-Santiago et al., 1997) . This result is also in agreement with previous studies indicating that overexpression of p75 NTR in neurons in vivo (Majdan et al., 1997) or in ES cell-derived neurons (Plachta et al., 2007 ) is sufficient to cause neuronal death. p75 NTR overexpression and cell death was found to mostly affect the population of GABAergic neurons that was inappropriately generated in the cortex, most likely as a result of premature exit from the cell cycle of misspecified cortical RG cells (see also Kroll and O'Leary, 2005) . As noted, there is an early wave of increased neurogenesis in the Pax6 mutant cortex (Quinn et al., 2007 and our own results with doublecortin staining), consistent with a 3-fold increase in the number of GAD-and vGAT-positive neurons in the mutant cortex at E12 as compared to WT (Figure 6) . In a recent study, Pax6 was suggested not to have an early role in neuronal specification based on an in situ hybridization experiment indicating that GAD65 mRNA was not upregulated, but rather downregulated at E13.5 in the Pax6 mutant cortex, as compared to WT (Schuurmans et al., 2004) . Our results indicate that the misspecified GABAergic neurons generated very early are also rapidly eliminated, suggesting that most have already died when the mutant cortex is examined at E13.5. In line with this, our own in situ hybridization experiments indicate that GAD65 is indeed expressed at E12 in the Pax6 mutant cortex (data not shown). These results are reminiscent of those recently obtained in the retina, where Pax6 was proposed to play a very early role in the specification of retinal neurons. Like in the developing cortex, in the absence of Pax6, misspecified retinal neurons differentiate prematurely and die (Philips et al., 2005) .
Conclusion
Our results indicate that neural progenitors derived from WT and mutant ES cells display phenotypes that can be readily analyzed under well-defined conditions and that the results of such experiments have a useful predictive value with regard to CNS development. They also open the possibility to now compare essentially homogenous populations of GABA-ergic neurons with glutamatergic neurons, as well as their respective progenitors.
EXPERIMENTAL PROCEDURES Materials ES cell culture medium and ingredients were as described in details in Bibel et al., 2007 .
Mouse ES Cells
Mice heterozygous for the Pax6 gene (Sey/+) were crossed, and two independent homozygote Sey/Sey ES cell lines were isolated from the inner cell mass of preimplantation blastocyst-stage embryos. WT and homozygote Sey/Sey mouse ES cells were differentiated as described in Bibel et al. (2004) . To facilitate the detection of ES cell-derived neurons in chick embryos after transplantation, we used WT and (Sey/Sey) ES cells engineered to express green fluorescent protein (GFP) from both or one tau alleles, respectively .
RT-PCR
Following RNA isolation and reverse transcription, Ngn2, Tbr1, and GADPH mRNA was amplified using the following primers: Ngn2, TCCAACTCCACGTCCCCATACC and GCTGCCAGTAGTCCACGTCTGA (primers corresponding to positions 658-678 bp and 709-730 bp, product size 72 bp); Tbr1, GAGGCTCTGGAAACACGAAG and ACTCG ACTCGCCTAGGAACA (primers corresponding to positions 3033-3053 and 3192-3212, product size 160 bp); GADPH, TGAGGCCAGTGC TGAGTATG and CACATTGGGGGTAGGAACAC (product size 457 bp).
Chick Transplantation
Fertilized White Leghorn eggs were incubated at 38.5 C with 80% humidity for 36 hr (10-12 somites). Two ml of albumin was aspirated, and a small portion of the upper eggshell was discarded to access the embryo visualized with Pelikan ink (Pelikan drawing ink A) in phosphate-buffered saline (PBS) injected close to the blastoderm. The area of the prospective dorsal or ventral telencephalon was removed with glass needles and filled with WT (tau::GFP) and Sey/Sey (tau::GFP) ES cell aggregates treated with RA for 4 days. Before implantation using tungsten needles, the aggregates were loosened by incubation in trypsin at 37 C for 10 min. WT ES cell aggregates, not treated with RA, were similarly implanted. The eggs were then sealed and incubated a further 8-10 days. The embryos were then removed from the egg, fixed in 4% PFA for 24-48 hr at 4 C, incubated in 30% sucrose for 24-48 hr at 4 C, embedded in Tissue-Tech, and stored at À80 C until cryosectioning.
Immunofluorescence Cells or tissue sections were rinsed in PBS and incubated for 1 hr in blocking solution containing 10% horse serum and 0.2% Triton in PBS. Sections were incubated with primary antibodies in blocking solution for 12 hr at 4 C. The following antibodies were used: GAD (1:1000), Glast (1:1000), active caspase 3 (1:1000), p75 NTR (1:1000) from Chemicon, vGAT (1:1000), vGLUT1 (1:3000) from Synaptic systems, Tuj1
(1:1000), Emx2 (1:500) from Sigma, Pax6 (1:1000), an antibody that recognizes an epitope in first 223 amino acids, RC2 (1:10) from the Developmental Studies Hybridoma Bank, Mash1 (1:200, PharMingen), GFP (1:1000, Molecular probes), and Doublecortin (1:1000, Santa Cruz). PBS was substituted for the primary antibodies to test for unspecific labeling. Sections were rinsed in PBS and incubated with the following secondary antibodies (molecular probes) for 1 hr at room temperature: anti-rabbit Alexa 488 or 594, anti-mouse Alexa 488 or 594, anti-mouse IGg1 Alexa 594, anti-goat alexa 594, and anti-guinea pig (1:1000, gift from S. Arber). The nuclear dye Hoechst 33342 (10 mg/ml, Sigma) was used. Sections were rinsed in PBS and mounted.
TUNEL Staining TUNEL staining on 12-mm-thick brain sections was performed as described by the manufacturer using the Roche In Situ Cell Death Detection Kit.
In Vivo Quantifications of Cell Numbers
Cells transplanted in the chick telencephalon were stained with vGAT or vGLUT1 antibodies (both are mouse specific) and the nuclear stain Hoechst. Cells with the highest density of puncta over the cell body around mouse nuclei were counted (7 independent transplantations per condition). Cells expressing vGAT, GAD, and Calretinin in the WT and mutant brain at E12 were counted similarly. Doublecortin-positive cells in WT and mutant cortices were counted with the ''Analysis'' program. Quantifications were performed on 12-mm-thick sections.
Statistical Analyses
Statistical analyses were performed using Student's t test. Numbers represent mean values ± SEM.
Western Blot
Cells were lysed in 500 mM Tris-HCl pH 7.2, 1 M NaCl, EDTA, Triton 100-X, Na-deoxycholate, 10% SDS, supplemented with protease inhibitors (Roche) and 1 mM dithiothreitol (DTT), and placed for 20 min on ice, followed by 20 min centrifugation at 14,000 rpm. Samples were separated on a gradient (4%-12%) polyacrylamide gel (Invitrogen) and transferred to a polyvinylidene fluoride membrane (Immobilon-P, Millipore, IPVH00010). After blocking for 1 hr at room temperature in 5% skim milk, membranes were incubated in the primary antibodies overnight at 4 C. The primary antibodies used were Emx2
(1:1000, Sigma), p75 NTR intracellular domain (1:2000) (Gschwendtner et al., 2003) , vGAT (1:1000, Synaptic Systems), and calretinin (1:500, Swant). After three 5 min washes in TPBS (100 mM Na 2 HPO4, 100 mM NaH 2 PO4, 0.5N NaCl, 0.1% Tween-20), membranes were incubated for 1 hr at room temperature in secondary horseradish peroxidaseconjugated antibody (anti-mouse HRP and anti-rabbit HRP; Biorad). Blots were developed by chemiluminescence (ECL, Amersham Pharmacia Biotech) according to the manufacturer's instructions.
Retroviral Vectors and Infections
The Pax6-IRES-GFP viral vector contained the 2050 bp fragment with the entire coding region of Pax6 and parts of 5 0 UTR and 3 0 UTR inserted between the upstream LTR and the IRES sequence as described in Hack et al., 2004 . Gpg helper-free packaging cells were used for viral production and resulted in titers of 3 3 10 6 and 2.5 3 10 6 of Pax6-IRES-GFP or GFP viral particles, respectively. For the infections of mutant ES cells, we used 5 ml of virus per ml medium and infected the cells for 12 hr at 37 C, 5% CO 2 . Subsequently, they were washed three times with warm PBS and were processed for aggregate formation.
Stable Expression of shRNAs in ES Cells
Plasmids containing a neomycin resistance cassette were purchased from Genescript expressing three different shRNA constructs against p75 NTR or a scrambled sequence under the H1 promoter and GFP under the CMV promoter. Plasmids were linearized, phenol-chloroform extracted, and twice precipitated with ethanol. Mutant ES cells (5 3 10 6 cells) were resuspended in 600 ml electroporation buffer (137 mM NaCl, 20 mM HEPES pH 7.0, 5 mM KCl, 0.7 mM Na 2 HPO 4 pH 7.0, 6 mM dextrose, 0.1 mM b mercaptoethanol) and electroporated with 30 mg of linearized plasmid in 0.4 cm cuvettes (BIORAD) at 400 volts and 25 mF. ES cells were subsequently plated on neomycin-resistant mouse embryonic fibroblasts. Two days after electroporation, 380 mg/ml G418 was added to the medium for 10 days to select for neomycin-resistant clones. Individual GFP-positive clones were expanded to establish a line.
Animals
Pax6
Sey mice were maintained as heterozygotes on a mixed C57BL/ 6JxDBA/2J background. P75 exon IV mutant mice were maintained on a C57BL/6 background and genotyped as described (von Schack et al., 2001 ).
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The Supplemental Data include one figure and can be found with this article online at http://www.cellstemcell.com/cgi/content/full/1/5/529/ DC1/.
